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Abstract

Maternal smoking during pregnancy is associated with enduring psychopathology, such as 

increased likelihood of substance use, in offspring. Various animal models demonstrate that 

continuous nicotine exposure produces teratogenic effects in offspring, as well. In the present 

experiment, a novel intravenous (IV) exposure model was utilized to determine if gestational 

nicotine (GN) treatment produced alterations in methamphetamine-induced sensitization and the 

expression of brain derived neurotrophic factor (BDNF) in the mesocorticolimbic dopamine 

system of adolescent offspring. Dams were injected with IV saline or nicotine (0.05 mg/kg/

injection) 3x/day on gestational days 8–21. Habituation was measured on postnatal day (PND) 25–

27 and baseline activity on PND 28. On PND 29–35, offspring were injected with saline or 

methamphetamine (0.3 mg/kg) and locomotor activity was measured after the first and seventh 

injections. On PND 36, brains were removed, flash frozen, and BDNF protein levels in the nucleus 

accumbens (NAcc), dorsal striatum (Str), frontal cortex (FC), and hippocampus (Hipp) were 

analyzed. GN did not affect habituation or the induction of methamphetamine-induced 

sensitization. Interestingly, GN, but not adolescent methamphetamine treatment, elevated levels of 

BDNF in the NAcc and Str; however, the GN-induced increase in BDNF in the FC was attenuated 

by adolescent methamphetamine treatment. Both GN and adolescent methamphetamine treatment 

increased BDNF in the Hipp. These findings indicate that GN exposure will result in increased 

levels of BDNF protein throughout the mesocorticolimbic dopamine system during adolescent 

development, and suggests that methamphetamine abuse will modulate the expression of BDNF in 

motivational circuitries of adolescent offspring exposed to GN.
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Introduction

Maternal tobacco smoking during pregnancy is associated with enduring psychopathology in 

offspring. Neurobehavioral disorders, such as conduct disorder (Cornelius et al., 2007; 

Fergusson et al., 1998; Stene-Larsen et al., 2009), attention deficit hyperactivity disorder 

(Button et al., 2007; Thapar et al., 2003), and substance use disorder (SUD; Buka et al., 

2003; Kandel et al., 1994; Weissman et al., 1999), are observed in gestational tobacco 

smoke-exposed offspring at a higher incidence than non-exposed individuals. Maternal 

tobacco smoking thus increases the vulnerability to neurodevelopmental disorders in 

offspring that are manifest during adolescent development. The neural substrates affected by 

maternal smoke exposure, which also contribute to these enduring maladaptive behaviors, 

however, are not well understood.

The influence of prenatal nicotine exposure on offspring development, apart from other 

constituents in tobacco smoke, has been investigated with rodent models of gestational 

nicotine (GN) exposure. This research clearly shows that nicotine delivered during gestation 

has teratogenic effects on neurodevelopment (Dwyer et al., 2008; Slotkin, 1998). 

Contemporary models administer nicotine either continuously via a subcutaneous osmotic 

minipump (Dwyer et al., 2008; Slotkin, 1998); orally through drinking water (Pauly et al., 

2004; Zhu et al., 1996), or intravenously (Lacy et al., 2011; LeSage et al., 2006). Studies 

utilizing the continuous route have demonstrated that nicotine exposure during the 

gestational period alters cell replication, cell survival, and synaptogenesis in utero, relative 

to saline-treated animals (GS; Navarro et al., 1989; Slikker et al., 2005; Slotkin, 2004). 

Moreover, GN produced neurodevelopmental alterations in the mesocorticolimbic dopamine 

(DA) system, which, in part, mediates motivated behavior (Edwards and Koob, 2010; 

Everitt et al., 2008; Kalivas, 2009; Robinson and Berridge, 2003; Wise and Bozarth, 1987). 

Thus, continuous GN exposure altered DA neurons in fetal (Navarro et al., 1989; Ribary and 

Lichtensteiger, 1989) and preweanling rats (Muneoka et al., 1997) and resulted in decreased 

DA concentrations and D2 receptors in the striatum of weanlings (Richardson and Tizabi, 

1994). Adolescent offspring exhibited increased c-fos expression in the infralimbic cortex 

and nucleus accumbens (NAcc) core (Park et al., 2006) and decreased nicotine-evoked DA 

release in the NAcc shell, relative to GS controls (Kane et al., 2004). These findings indicate 

that continuous GN exposure produces long-lasting changes in the activity of neurons that 

comprise the motivational system, and demonstrate that nicotine alone produces long-lasting 

neurobiological changes that may contribute to the psychopathology observed in offspring 

exposed to prenatal tobacco smoke.

That GN produces increased neuronal activity in brain areas that are known to mediate 

reward and motivation suggests other neurobiological alterations, such as increases in 

activity-dependent neurotrophic factors, may also change as a result of prenatal nicotine 

exposure (Kane et al., 2004; Park et al., 2006). Neurotrophic factors aid in the proliferation, 

differentiation and survival of neurons (Thoenen, 1995), and are known to play a role in 

motivated behavior (Thomas et al., 2008). For example, brain derived neurotrophic factor 

(BDNF) is important for synaptic plasticity and the survival of mesocorticolimbic DA 

neurons (Hyman et al., 1991), and microinfusion of BDNF into the ventral tegmental area 
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altered cocaine-induced changes in locomotor behavior (Horger et al., 1999). A novel 

hypothesis is that GN exposure alters expression of BDNF protein in the mesocorticolimbic 

dopamine system of developing offspring.

An enduring influence of abused drugs such as amphetamine, cocaine, and nicotine, on 

BDNF protein and BDNF mRNA expression has been demonstrated. For example, postnatal 

amphetamine exposure has been shown to decrease protein levels of BDNF in the occipital 

cortex and hypothalamus (Angelucci et al., 2007; Banerjee et al., 2009), and in contrast, 

cocaine or nicotine treatment has been shown to increase BDNF in the cortex, striatum, and 

NAcc, (Correll et al., 2009; Graham et al., 2007; Maggio et al., 1998). Second, Wei et al. 

(2011) characterized numerous potential cell survival and cell death pathways associated 

with continuous GN exposure in adolescent offspring. Gestational nicotine was shown to 

result in greater mRNA expression of survival related growth factors, including BDNF, in 

the NAcc of adolescent offspring. In addition, increased expression of BDNF mRNA was 

observed in the striatum, whereas the prefrontal cortex showed no change in growth factors. 

These results are consistent with the general finding that nicotine increases BDNF 

expression and protein in the striatum (Correll et al., 2009; Maggio et al., 1998), and 

suggests that GN induces changes in BDNF within the mesocorticolimbic system that are 

present well after birth.

Alterations in the behavior of GN exposed juvenile, adolescent, and adult offspring have 

been investigated. GN exposure has been reported to produce hypo- and hyper-active 

spontaneous locomotor behavior (LeSage et al., 2006; Pauly et al., 2004; Paz et al., 2007; 

Peters and Tang, 1982; Peters et al., 1979; Richardson and Tizabi, 1994; Romero and Chen, 

2004; Tizabi et al., 2000; Vaglenova et al., 2004), as well as altered nicotine and cocaine 

self-administration in adolescent and adult offspring (Franke et al., 2008; Levin et al., 

2006). Behavioral sensitization refers to increased locomotor responding following repeated 

injection of a psychostimulant drug (Post, 1980), and continuous GN enhanced cocaine-

induced behavioral sensitization in adolescent rats (Franke et al., 2007). These findings 

demonstrate that animal models of GN exposure result in behavioral changes in offspring 

that are related to the brain’s reward systems (see Dwyer et al., 2008).

The present research utilized a novel, low, intermittent IV exposure model in which 

pregnant dams receive nicotine, 0.05 mg/kg/injection, 3 times per day from PND 8–21. The 

IV route of administration is of interest because it closely models the pharmacokinetics of 

nicotine via the route of inhalation (Benowitz et al., 2009; Booze et al., 1999; Mactutus, 

1989; Russell and Feyerabend, 1978). The elimination half-life for IV 0.05 mg/kg/infusion 

nicotine is ~ 50 minutes (Booze et al., 1999) and thus this exposure method represents a 

unique model in that the dam and fetuses experience the bolus delivery of nicotine to the 

brain followed by a rather precipitous clearance (LeSage et al., 2006; Mactutus, 1989; 

Russell and Feyerabend, 1978).

The current experiments investigated whether the IV GN exposure model (see Lacy et al., 

2011) produced alterations in the induction of methamphetamine-mediated behavioral 

sensitization and induced changes in protein levels of BDNF throughout the 

mesocorticolimbic system during the adolescent phase of brain development (~ postnatal 
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day [PND] 28–42; Spear, 2000). Specifically, the present experiment determined (1) if IV 

GN exposure altered spontaneous locomotor behavior and/or behavioral sensitization 

induced by methamphetamine in adolescent rat offspring; and (2) whether IV GN exposure, 

adolescent methamphetamine treatment, or the combination altered the expression of BDNF 

protein levels in the NAcc, dorsal striatum (Str), frontal cortex (FC), and hippocampus 

(Hipp) of adolescent offspring.

Materials and Methods

IV gestational nicotine exposure

Animals—A total of 42 adult male and female Sprague-Dawley rats were acquired from 

Harlan Laboratories, Inc., (Indianapolis, IN) for breeding. Thirty-two nulliparous females 

were implanted with IV access ports at Harlan Laboratories. The females, together with 10 

male breeders, were housed in a vivarium located at the University of South Carolina. 

Rodent food (Teklad Rodent Diet [W] 8604) was provided ad lib. The colony located in the 

department of psychology was maintained at 21 ± 2° C, 50% ± 10% relative humidity and a 

12L:12D cycle with lights on at 0700 h. The protocol for this research methodology was 

approved by the Institutional Animal Care and Use Committee (IACUC) at the University of 

South Carolina.

Breeding—Following a 7-day habituation period, females were housed three per cage, and 

in the evenings one male rat was placed in a cage with females for breeding. Males remained 

with the females from approximately 1700 to 0900. Daily vaginal lavage was conducted and 

samples were analyzed with a microscope to identify pregnant females. If a sample was 

sperm-positive, the corresponding female was single-caged and that day represented 

gestational day (GD) 0. If the result was sperm-negative the animal remained group housed 

and potential mating occurred the following evening(s). This cycle continued until females 

were pregnant. The weights of the pregnant dams were recorded on GD 1, 7, 14, and 21.

IV Catheter Surgery—The catheterized females used in the present experiment are 

commercially available from Harlan Industries. Catheterization was performed at Harlan 

Industries according the methods of Mactutus et al. (1994). Briefly, animals were 

anesthetized with a mixture of ketamine hydrochloride (100 mg/kg/ml) and xylazine (3.3 

mg/kg/ml). Following anesthesia a sterile Intracath IV catheter (Becton, Dickinson and Co., 

Franklin Lakes, NJ) with a Luer-lock injection cap (Medex, Inc., Carlsbad, CA) was 

implanted dorsally in a subcutaneous pouch. The distal end of the catheter was inserted into 

the left jugular vein and advanced toward the heart. On the day following surgery, catheters 

were flushed with 0.2 ml of heparinized saline.

Drugs—Nicotine hydrogen tartrate and methamphetamine hydrochloride were purchased 

from Sigma-Aldrich (St. Louis, MO). Nicotine was weighed as base and was dissolved in 

physiological saline (0.9%; Hospira, Inc. Lake Forest, IL). The pH of the nicotine solution 

was neutralized to ~ 7.0 with NaOH. Control dams were administered saline at the 

volumetric equivalent of nicotine. Heparin (APP Pharmaceuticals, Schaumburg, IL; 1000 U) 

was added to saline and the 2.5% heparinized saline solution was used to flush the IV 
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catheters once per day. Methamphetamine was weighed as salt and was dissolved in 

physiological saline.

Prenatal Nicotine Treatment—GN (0.05 mg/kg/injection) or GS (0.9% sterile saline) 

was injected 3×/day to pregnant dams via internalized IV catheters on gestational day (GD) 

8–21. IV injections occurred via the Luer-lock injection cap that was located 

subcutaneously, on the rat’s dorsal surface. Thus, IV access was achieved by guiding a 

syringe through the skin and into the injection port. Previous research shows that repeated 

IV injections of 0.05 mg/kg/injection of nicotine produced behavioral sensitization (Booze 

et al., 1999; Harrod et al., 2004), and altered DA transporter and DA receptor expression in 

adult males and females, demonstrating that IV injection of this dose alters motivational 

circuitry in rodents. Moreover, male and female rats self-administer nicotine within a dose 

range that includes the 0.05 mg/kg/injection dose (Chaudhri et al., 2005). All prenatal 

injections were performed during the light portion of the photoperiod, and they were 

administered daily beginning at 1000, 1300, and 1600 h. The 3-hour intervals that separated 

IV injections were chosen based on the pharmacokinetic analysis for this dose of nicotine. 

Booze et al. (1999) showed that male and female rats exhibited an elimination half life of 

approximately 50 minutes following acute, IV injection of the 0.05 mg/kg/injection dose of 

nicotine. It was of interest to use an inter-injection-interval that allowed for substantial (2–3 

half-lives), but not “complete” (6 half-lives) elimination of nicotine. Thus, across injections, 

particularly with advancing pregnancy and an associated increased volume of distribution, 

one would anticipate some accumulation of nicotine levels as occurs with cigarette smoking. 

Immediately following the first two injections the catheters were flushed with 0.2 ml of 

saline, and the third injection was followed by 0.2 ml of heparinized saline in order to 

maintain catheter patency. Dams had ad libitum access to food and water during the 

experiment.

Surrogate fostering, litter composition, and postnatal testing—The day of birth 

was considered PND 0. On PND 1 litters were culled to 10, and were composed of 5 males 

and 5 females whenever possible. All pups were surrogate fostered to timed-pregnant, drug 

naïve dams on PND 1 to prevent the possibility of poor maternal care. Pups derived from IV 

saline treated dams were also surrogate fostered to timed-pregnant, drug naïve dams. The 

righting reflex, negative geotaxis, and eye opening measures were assessed on PND 3–5, 8–

10, and 13–17, respectively, to determine if prenatal IV nicotine exposure altered the 

expression of these developmental milestones, relative to IV saline treated controls. The 

righting reflex was measured by placing offspring on to their backs, and the time from the 

release to the completion of the righting reflex was recorded. This procedure occurred in 

blocks of 3 consecutive trials on PND 3–5, and the maximum latency for each animal to 

right itself was 25 seconds per trial. Negative geotaxis was measured by placing animals on 

a wire mesh grid that was positioned at a 25°angle, with their heads aimed towards the 

downward slope of the apparatus. The latency for animals to right themselves (i.e., turn 

180°) was recorded for every trial. A maximum latency of 30 sec was allowed for these 

trials. Negative geotaxis was tested in three trial blocks across three consecutive days on 

PND 8–10. Eye opening, which was conducted on PND 13–17, entailed checking every 

animal’s left and right eyes for the degree of openness. The degree of openness was rated on 
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a scale of 0–3: Zero = completely closed; 1 = any part of the eye visible; 2 = partially open; 

3 = fully open. All animals’ weights were recorded on PND 1, 7, 14, and 21. Rats were 

weaned on PND 21.

Locomotor activity

Animals—Adolescent male (n =34) and female (n =36) offspring were used. Animals were 

weaned on PND 21 into fresh plastic cages and were housed four, same sex rats/cage. Rats 

were pair-housed, same sex, on PND 28 for the remainder of the experiment.

Experimental design and procedure

Locomotor activity: Offspring, prenatally exposed to GS or GN, were randomly assigned 

to the saline (S) or methamphetamine (M) groups, and this yielded the GS-S (females = 8; 

males = 7), GS-M (females = 8; males = 8), GN-S (females = 9; males = 10), and GN-M 

(females = 10; males = 10) treatment conditions. Each treatment group was randomly 

assigned one male and one female per litter (Holson and Pearce, 1992).

Apparatus—The activity monitors were 16 square (40 X 40 cm) chambers (Kinder Inc., 

Poway, CA) that detected free movement of animals by infrared photocell interruptions. 

This equipment used an infrared photocell grid (32 emitter/detector pairs) to measure 

horizontal and vertical locomotor activity. The chambers were converted into round (~ 40 

cm diameter) compartments by adding clear Plexiglas inserts. The photocells were tuned by 

the manufacturer for the extra perspex width. All activity monitors were located in a single, 

isolated room. One-to-two males and females from each treatment group were represented in 

each 60-min activity test.

Locomotor activity was repeatedly measured from all animals during the habituation, 

baseline, and treatment phases of the experiment. Animals were habituated to locomotor 

activity chambers for three 60-min sessions, one/per day on PND 25–27. No injections were 

administered during habituation trials. On PND 28 all rats were administered a subcutaneous 

(sc) saline injection, and five minutes later, were placed into the activity chambers for 60-

min to measure baseline activity. Day 28 is referred to as “saline baseline”. On PND 29, rats 

were injected with saline or methamphetamine (0.3 mg/kg; sc) and were placed into 

locomotor activity chambers five minutes later. On PND 30–34, rats received injections in 

the home cage, and on PND 35, animals were administered saline or methamphetamine 

identically to that of PND 29. Thus the animals’ locomotor response to saline or 

methamphetamine was assessed on PND 28, 29, and 35 for 60 minutes. This method was 

used to limit methamphetamine-induced context conditioning (Anagnostaras and Robinson, 

1996; Bevins and Palmatier, 2003; Itzhak et al., 1998), because it was of interest to assess 

the behavioral sensitization produced by methamphetamine alone, in the absence of 

conditioned hyperactivity elicited from the context. Previous research indeed shows that 

mice prenatally treated with nicotine exhibited a greater magnitude of conditioned 

responding in a conditioned place preference procedure (i.e., conditional response to 

contextual cues) and in a standard fear conditioning procedure (i.e., response to a punctate 

auditory cue; Paz et al., 2007). Total horizontal activity, which represents all movements 

detected by the photocells in the horizontal plane, was the dependent measure.
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BDNF levels in the NAcc, Str, FC, and Hipp

Twenty-four hours after the last saline or methamphetamine injection, animals were rapidly 

decapitated. The brains were immediately frozen with isopentane and were then stored in a 

−80°C freezer. BDNF was assessed on 6–8 animals per drug treatment group. The FC, 

NAcc, Str, and Hipp were dissected from whole brains and stored at −80°C. In brief, 250 μl 

of a RIPA cell lysis buffer (150mM NaCl, 50mM Tris-Hcl, 1.0% NP-40, 0.5% Sodium 

deoxycholate and 0.1% SDS) plus protease and phosphatase inhibitors (P5726, P8340, 

P0044, Sigma-Aldrich, St. Louis, MO) was added to each tissue sample. Brain regions were 

homogenized on ice with 10 passes of a Teflon pestle homogenizer. Homogenates were 

centrifuged at 14,000g for 20 minutes at 4°C and the resulting supernatants were removed 

and stored at −80°C until use. All samples were analyzed according to manufacturer’s 

instructions using a BDNF sandwich ELISA kit purchased from Promega (Kit G7610, 

Madison, WI). For the BDNF assay, anti-BDNF monoclonal antibody (mAb) was added to a 

carbonate coating buffer (pH 9.7, per specifications included with the Promega protocol for 

BDNF) and 100 μl of the coating buffer was added to each well of a 96-well polystyrene 

ELISA plate (MaxiSorb, Nalge Nunc International, Rochester, NY) and incubated overnight 

at 4°C. All wells were washed using a TBST wash buffer, incubated at room temperature for 

one hour, and nonspecific binding was blocked through adding block and sample 1× buffer 

to each well and incubated at room temperature for 1h. The BDNF standard curve was 

prepared using the BDNF standard supplied from the manufacturer (1μg/ml). The standard 

was diluted in Block & Sample 1× buffer to achieve a concentration range of 0 to 500 pg/ml 

pg/ml. Tissue samples were further diluted 1:2 prior to being assayed. The standards and 

samples were incubated with shaking at room temperature for 2h. Anti-Human BDNF pAB 

was then added to each well plate, incubated at room temperature (2h), which was followed 

by incubation (1h) with Anti-IgY horseradish peroxidase (HRP) conjugate. Visualization 

was achieved by adding TMB one solution to each well followed by an incubation period of 

10 min at room temperature. The reaction was stopped by adding 1N hydrochloric acid to 

each well and plates were read within 30 minutes of stopping the reaction. Optical density 

was measured using a Bio-Rad (Hercules, CA) 96-well plate reader.

Data Analysis—The data were analyzed using mixed factorial analysis of variance 

(ANOVA) techniques (SPSS 2009, Version 17.0). An alpha level of 0.05 was used to 

determine statistical significance for all analyses.

Litter parameters: A one-way ANOVA was conducted for the total number of pups born 

to GN and GS dams. The between-subjects factors for the litter parameter analyses were sex 

and gestational treatment (saline or nicotine) and the within-subjects factors were PND and 

GD. A 2 × 2 (sex × gestational treatment) factorial ANOVA was used to analyze the ratio of 

males to females born to GN and GS dams. A 2 × 2 × 4 mixed factorial ANOVA 

(gestational treatment × sex × PND) was conducted for the pup weight gain, righting reflex, 

negative geotaxis and eye opening data. A 2 × 4 (gestational treatment x gestational day) 

ANOVA determined if there were differences between GS and GN dams on the measure of 

maternal weight gain.

Harrod et al. Page 7

Synapse. Author manuscript; available in PMC 2015 October 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Locomotor activity: Separate mixed factorial ANOVAs were conducted on the habituation 

(PND 25, 26, 27) and locomotor test days (PND 28, 29, 35). A 2 × 2 × 3 (gestational 

treatment × sex × habituation day) ANOVA was conducted on the habituation data; and a 2 

× 2 × 2 × 3 (gestational treatment × sex × adolescent treatment x test day) ANOVA was 

used for the locomotor test days. The between-subjects factors for these analyses were 

gestational treatment, adolescent treatment (saline or methamphetamine), and sex. The 

within-subjects factor was testing days. Within-subjects comparisons were conducted 

between days one and seven to determine if repeated methamphetamine injection produced 

behavioral sensitization.

BDNF assay: Separate 2 × 2 × 2 mixed factorial ANOVAs were conducted on the protein 

levels (pg/mg tissue) derived from ELISA assays for the NAcc, Str, FC, and Hipp. The 

between-subjects factors for each analysis were gestational treatment, adolescent treatment, 

and sex. Post hoc comparisons were conducted using the Newman-Keuls test.

Results

Litter Parameters: Pup and Dam Weight Gain, Righting Reflex, Negative Geotaxis, Eye 
Opening

No significant effect of gestational treatment was observed for the total number of pups born 

to dams, the number of male to female pups, the righting reflex, negative geotaxis, or eye 

opening. There were also no differences in pup weight gain across PND 1, 7, 14, 21 (Figure 

1A), or in maternal weight gain across GD 1, 7, 14, 21 (Figure 1B).

The effect of gestational IV NIC on methamphetamine-induced locomotor activity in 
adolescent rats

Habituation—The gestational treatment × sex × day ANOVA conducted on the PND 25–

27 data revealed a significant main effect of habituation day [F (2, 132) = 120.7, p<0.05], and 

there were no other significant main effects or interactions. The mean (± SEM) locomotor 

activity observed for all animals across the three habituation days were 9481.2 (± 251.1), 

8123.3 (± 226.6), and 5817.0 (± 237.5). These data demonstrate that the highest number of 

total activity counts was recorded following the novel response to the chambers, on PND 25, 

and that habituation of the response was exhibited on PND 26 and 27, as a progressive 

decrease in locomotor activity. Neither gestational treatment nor sex was a significant factor 

during habituation to the activity chambers (data not shown).

Saline baseline—A gestation x adolescent treatment × sex univariate ANOVA was 

conducted on the saline baseline data (PND 28) to determine if there were any differences in 

locomotor activity following saline injection. The analysis revealed that there were no 

significant main effects or interactions, thus indicating no differences between groups during 

the saline baseline measurement.

Repeated methamphetamine treatment—A gestational treatment × adolescent 

treatment × sex × test day ANOVA, which included the saline baseline day and 

methamphetamine/saline treatment days 1 and 7 (PND 29 and 35, respectively), revealed 
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main effects of adolescent treatment [F (1, 62) = 76.2, p<0.001] and day [F (2, 124) = 70.0, 

p<0.001], and an adolescent treatment × test day interaction [F (2, 124) = 44.2, p<0.001]. 

There were no significant main effects of gestational treatment or sex, and moreover, there 

were no significant interactions between adolescent treatment and gestational treatment or 

sex. The adolescent treatment × test day interaction is shown in Figure 2A. These findings 

indicate that all groups exhibited similar behavior during the saline baseline measure, and 

that methamphetamine treatment increased locomotor activity after the first and seventh 

injections, whereas saline controls exhibited consistent activity across days one and seven. 

Methamphetamine produced a very robust acute psychomotor response, and repeated 

injection resulted in a greater increase in locomotor activity. Figure 2B shows the mean total 

horizontal activity means (±SEM) for day 1 and 7 of rats injected with methamphetamine. 

The sensitized behavioral response is a 9% increase over that of the acute response. Within-

subjects comparison between injection days one and seven confirms that repeated 

methamphetamine injection produced a significant increase in locomotor activity [F (1, 35) = 

7.6, p<0.01], which indicates the induction of methamphetamine-induced behavioral 

sensitization (Figure 2B). In contrast, saline controls did not show significant changes in 

activity across methamphetamine injection days one and seven [F (1, 33) = 1.8, p>0.05]. 

Taken together, these findings show that gestational nicotine treatment did not alter 

spontaneous locomotor activity in response to a novel environment, and did not alter 

habituation to the locomotor activity chambers across three days of exposure. Furthermore, 

no effect of gestational nicotine was observed on the induction of methamphetamine-

induced behavioral sensitization.

The effects of IV GN and adolescent methamphetamine treatment on BDNF protein levels 
in the NAcc, Str, FC, and Hipp

There were no main effects or interactions containing the factor of sex, and therefore the 

data are presented as collapsed across sex. The mean (±SEM) BDNF levels from the NAcc, 

Str, FC, and Hipp are shown in Figures 3A–D, respectively. The analysis of the NAcc 

revealed a significant main effect of gestational treatment [F (1, 37) = 5.13, p<0.03], but no 

other main effects or interactions were significant. Post hoc analyses confirmed that GN-S 

and GN-M groups exhibited significantly higher levels of NAcc BDNF relative to the GS-S 

controls (Figure 3A). The analysis of the Str resulted in a significant main effect of 

gestational treatment [F (1, 38) = 6.19, p<0.018], which indicates that BDNF protein was 

significantly higher in rats in the IV nicotine exposure groups (e.g., GN-S and GN-M) 

relative to rats in the IV saline controls. Comparisons show that the GN-S and the GN-M 

groups exhibited significantly higher levels of BDNF than the GS-S group (Figure 3B). 

Analysis of the FC revealed a significant main effect of gestational treatment [F (1, 38) = 

5.42, p<0.026] and a significant gestational treatment × adolescent treatment interaction [F 

(1,38) = 4.58, p<0.039]. Interestingly, rats in the GN-S group demonstrated elevated BDNF 

in the FC, however, differently than the NAcc or Str analyses, rats in the GN-M group 

exhibited similar protein levels of BDNF as rats in the GS-S and GS-M groups (Figure 3C). 

This interaction indicates that although the gestational treatment elevated protein levels of 

BDNF like that of the NAcc and Str, adolescent methamphetamine treatment attenuated the 

apparent nicotine-induced elevation in cortical BDNF. Lastly, the analysis of the Hipp 

revealed effects of gestational treatment and adolescent treatment. There were significant 
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main effects of gestational treatment [F (1,37) = 4.96, p<0.032] and adolescent treatment [F 

(1,37) = 4.26, p<0.047], but there was no gestational treatment × adolescent treatment 

interaction (Figure 3D). This result shows that IV nicotine exposure during the gestational 

period and methamphetamine treatment during adolescence elevated protein levels of 

BDNF, but the two factors did not interact. These findings suggest that gestational IV 

nicotine exposure and adolescent methamphetamine treatment altered BDNF in the Hipp; 

however, in contrast to the other regions, the BDNF levels in the Hipp were elevated by both 

prenatal nicotine and adolescent methamphetamine exposure, and this was most apparent in 

the GN-M group.

Discussion

The present experiments show that IV nicotine exposure, administered 3 times per day on 

GD 8–21, resulted in elevated levels of BDNF protein in the striatum, nucleus accumbens, 

frontal cortex, and hippocampus of adolescent rats compared to saline-treated controls. The 

effects of prenatal IV nicotine treatment are consistent with the results of Wei et al. (2011), 

which showed increased BDNF mRNA expression in the nucleus accumbens and striatum of 

offspring exposed to continuous nicotine throughout gestation, indicating that GN 

administration alters the expression of BDNF mRNA and protein in the reward circuit of 

developing animals. These results are also generally in accord with previous research 

showing that adult animals administered nicotine exhibit increased BDNF protein and/or 

mRNA in the striatum and nucleus accumbens (Correll et al., 2009; Maggio et al., 1998). 

Adolescent exposure to repeated methamphetamine injection, however, did not alter levels 

of BDNF in the mesocorticolimbic system.

The effect of GN exposure to elevate BDNF levels in the frontal cortex was unique in 

relation to that shown in the dorsal and ventral striatum because the combination of prenatal 

nicotine and adolescent methamphetamine treatment interacted to produce an attenuation of 

the elevated levels of frontal cortical BDNF (i.e., gestational treatment × adolescent 

treatment interaction). Thus, although methamphetamine treatment alone during adolescence 

did not affect BDNF within the frontal cortex (i.e., Group GS-M), the combination of GN 

and adolescent methamphetamine exposure resulted in concentrations of BDNF similar to 

control levels (i.e., GN-M). It is not apparent how methamphetamine exposure attenuated 

the prenatal nicotine-induced increase of BDNF in the frontal cortex. Previous research, 

however, shows that d-amphetamine treatment results in decreased BDNF mRNA 

expression in the frontal cortex of rats (Banerjee et al., 2009). These findings indicate that 

the attenuation of the prenatal nicotine-induced enhancement in BDNF in the frontal cortex 

may be decreased by methamphetamine exposure during adolescent development.

The effect of prenatal IV nicotine exposure and adolescent methamphetamine treatment on 

hippocampal BDNF was complex, and unlike the findings with the frontal cortex, the 

interaction between these two factors was not significant. Rats that received GN treatment or 

adolescent methamphetamine exposure demonstrated an increase of hippocampal BDNF. 

The significant main effect of adolescent methamphetamine treatment is interesting given 

that this outcome was not observed in the nucleus accumbens, striatum, or the frontal cortex. 

The finding that methamphetamine increased hippocampal BDNF is in accord with previous 
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research showing that repeated postnatal nicotine or continuous amphetamine treatment 

increased BDNF in the hippocampus of adult rats (French et al., 1999; Griesbach et al., 

2008; Kenny et al., 2000). Our findings are in contrast to those of Banerjee et al. (2009), 

however, who reported that acute amphetamine injection decreased hippocampal BDNF of 

juvenile rats, as well as a relatively modest decrease in adults. These discrepancies between 

Banerjee et al. and other results, including the present findings, may be due to differences in 

age, route of drug administration, or frequency of injection.

Gestational IV nicotine exposure did not result in altered litter parameters or any of the 

postnatal tests of developmental milestones, such as eye opening, negative geotaxis, and the 

righting reflex, relative to controls. Moreover, prenatal nicotine exposure did not result in 

altered spontaneous locomotor activity or habituation to the activity chambers. Previous 

research investigating the effects of GN exposure on spontaneous locomotor activity reports 

no effect (Franke et al., 2007; Gaworski et al., 2004; Paulson et al., 1993; Shacka et al., 

1997), hypoactivity (LeSage et al., 2006; Peters and Tang, 1982; Romero and Chen, 2004), 

or hyperactivity (Pauly et al., 2004; Paz et al., 2007; Peters et al., 1979; Richardson and 

Tizabi, 1994; Tizabi et al., 1997; Tizabi et al., 2000; Vaglenova et al., 2004), and there is no 

apparent correlation between route of exposure and the behavioral outcome (for review see 

Heath and Picciotto, 2009; LeSage et al., 2006). Our findings are consistent with the subset 

of experiments that report no effect of gestational nicotine exposure on spontaneous 

locomotor activity (Franke et al., 2007; Gaworski et al., 2004; Paulson et al., 1993; Shacka 

et al., 1997).

Repeated methamphetamine injection induced behavioral sensitization; however, neither IV 

GN treatment nor sex modulated the induction of sensitization. It should be noted that the 

present experiment did not investigate multiple dose levels of prenatal nicotine or postnatal 

methamphetamine. Dose-response data for both treatment regimens will be important to 

determine if IV gestational nicotine exposure alters spontaneous locomotor activity (LeSage 

et al., 2006; Pauly et al., 2004; Paz et al., 2007; Peters and Tang, 1982; Peters et al., 1979; 

Richardson and Tizabi, 1994; Romero and Chen, 2004; Tizabi et al., 1997; Tizabi et al., 

2000; Vaglenova et al., 2004) and/or interacts with postnatal psychostimulant exposure to 

alter the induction or expression of behavioral sensitization (Franke et al., 2007). For 

example, the dose of methamphetamine used in the present experiment (0.3 mg/kg) may 

have produced a rapid acquisition of behavioral sensitization, because the sensitized 

response was exhibited as a 9% increase over that of the acute response. Thus, under such 

conditions the effect IV prenatal nicotine to alter sensitization may be more difficult to 

detect. Examining extended dose ranges of IV prenatal nicotine and methamphetamine will 

be important to determine the full effect of this treatment on spontaneous locomotor activity, 

as well as psychostimulant-induced behavioral sensitization. It will also be important for 

future experiments to determine if prenatal IV nicotine exposure enhances cue/contextual 

conditioning in offspring relative to saline-exposed controls, as has been reported with 

prenatal nicotine exposure in mice (Paz et al., 2007). The effect of context conditioning was 

explicitly minimized in the present experiment because it was of interest to assess the effects 

of prenatal nicotine on methamphetamine-induced sensitization without the addition of 

conditioned hyperactivity that would otherwise be elicited from the context. Conditional 
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cues are an integral aspect of drug seeking behavior (Robinson and Berridge, 2003). 

Determining if IV gestational nicotine exposure alters cue learning will provide important 

information about the role of prenatal nicotine and vulnerability for drug dependence in 

offspring of maternal smokers.

It is noteworthy that although GN animals exhibited greater basal levels of BDNF than 

controls, there was no effect of gestation on either spontaneous locomotor activity or on 

methamphetamine-induced behavioral sensitization, suggesting that the increased levels of 

BDNF did not affect locomotor activity or sensitization to methamphetamine. This finding is 

in contrast to previous results showing that the administration of exogenous BDNF 

modulates spontaneous locomotor behavior and psychostimulant-induced activity (Martin-

Iverson and Altar, 1996; Martin-Iverson et al., 1994). However, an obvious critical 

difference between these past studies and current results is that BDNF was given 

exogenously, whereas the increases in BDNF produced by gestational nicotine were 

endogenous. In addition, the differing results may also be related to differences in the 

developmental stages of the mesocorticolimbic DA system at the time of testing. Adolescent 

animals were investigated in the current experiments, whereas previous research used adult 

rats (Martin-Iverson and Altar, 1996; Martin-Iverson et al., 1994). Adolescence represents a 

profound change in dopaminergic tone throughout the mesocorticolimbic DA system, and 

the marked increase in DA turnover and DA receptor expression during adolescence 

subsides during adulthood (Andersen et al., 2000; Chambers et al., 2003; Spear, 2000). 

Thus, changes in locomotor activity during adulthood per elevated levels of BDNF may 

have been obfuscated by changes in DA turnover in adolescent rats.

The present research utilized a novel, intermittent IV exposure model, which administers 

3x/day IV nicotine (0.05 mg/kg/injection) treatments on GD 8–21. There are advantages and 

disadvantages to all models, including the IV procedure used in the present experiments to 

model the effects of maternal smoking. An advantage to using the IV route of administration 

is that IV injection allows for 100% bioavailability of nicotine absorption and near 

instantaneous distribution; and as previously mentioned, it closely mimics the nicotine 

pharmacokinetics achieved through cigarette smoking. A second advantage is that this 

translationally relevant exposure method may be used to deliver less overall daily amounts 

of nicotine relative to other exposure models (Benowitz et al., 2009; Booze et al., 1999; 

Mactutus, 1989; Russell and Feyerabend, 1978). For example, Lacy et al.(2011) reported 

that the same IV exposure method used in the present experiments produced alterations in 

prepulse inhibition of the acoustic startle response that are consistent with that induced by a 

continuous GN exposure model (i.e., Popke et al., 1997). A disadvantage of the present 

model may be that it requires daily removal of the dam from the home cage to administer the 

saline or nicotine injections; alternatively, however, this method affords a unique 

opportunity to monitor the dams’ progression through pregnancy without adding what would 

otherwise be considered additional stress. Perhaps the most obvious disadvantage is that the 

present model uses nicotine to mimic maternal smoking although there are approximately 

4,000 active compounds in cigarette smoke.

Together, these findings indicate that those who smoke a “low” number of daily cigarettes 

throughout their pregnancy may alter the expression of BDNF in brain circuitry that is 
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responsible for organizing motivated behavior in developing offspring. Elevated levels of 

BDNF may produce effects on motivated behavior, such as sucrose-maintained responding 

or drug self-administration, which are also known to be mediated by the mesocorticolimbic 

dopaminergic system. Indeed, previous research suggests that continuous GN treatment 

alters operant responding for sucrose reward and for nicotine and cocaine self-

administration, as well (Franke et al., 2008; Levin et al., 2006). Further research is needed to 

determine if the IV GN-induced elevations of BDNF throughout the mesocorticolimbic 

pathway modulates the rewarding properties of food and psychostimulant drugs of abuse in 

adolescent and adult animals. Such information will provide further insight into the 

neurobiological mechanisms that render offspring of maternal smokers more vulnerable to 

SUD.
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Figure 1. 
Mean (±SEM) weight gain exhibited by the dams during gestational days 1–21 (1A). Dams 

were treated with IV saline or nicotine (0.05 mg/kg/injection) on gestational days 8–21. 

Mean (±SEM) weight gain of the pups across postnatal days 1–21 (1B). The offspring were 

prenatally exposed to IV gestational saline (GS) or gestational nicotine (GN).
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Figure 2. 
Mean (±SEM) total horizontal activity in offspring prenatally exposed to gestational saline 

(GS) or gestational nicotine (GN) and treated with saline (S) or methamphetamine (M; 0.3 

mg/kg) during adolescence (2A). The adolescent treatment × testing day interaction 

[p<0.001] indicates that repeated methamphetamine injection significantly increased 

locomotor activity across testing days. Mean (±SEM) total horizontal activity in offspring 

injected with repeated methamphetamine (2B). Figure 2B is a detailed illustration of the 

significant methamphetamine-induced increase in locomotor activity following the 7th and 

final injection, collapsed across gestational nicotine treatment. * shows that animals treated 

with methamphetamine exhibited greater locomotor activity on day 7, relative to day 1, 

which is indicative of methamphetamine-induced behavioral sensitization (p<0.01).
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Figure 3. 
Mean (±SEM) levels of BDNF from the nucleus accumbens (3A), dorsal striatum (3B), 

frontal cortex (3C), or hippocampus (3D) of gestational saline (GS) or gestational nicotine 

(GN) offspring treated with either saline (S) or methamphetamine (M) during adolescence. * 

indicates significant difference from GS-S (p<0.05); ** signifies a gestational treatment × 

adolescent methamphetamine treatment interaction (p<0.05).

Harrod et al. Page 20

Synapse. Author manuscript; available in PMC 2015 October 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


